This paper develops and estimates a new-Keynesian dynamic stochastic general equilibrium (DSGE) model for the analysis of fiscal policy in the UK. We find that government consumption and investment yield the highest GDP multipliers in the short-run, whereas capital income tax and public investment have dominating effect on GDP in the longrun. When nominal interest rate is at the zero lower bound, consumption taxes and public consumption and investment are found to be the most effective fiscal instruments throughout the analysed horizon, and capital and labour income taxes are established to be the least effective. The paper also shows that the effectiveness of fiscal policy decreases in a small open-economy scenario and that nominal rigidities improve effectiveness of public spending and consumption taxes, whereas decrease that of income taxes.
Introduction
Fiscal policy has been used extensively for a long time to stabilise the economy and to foster more efficient, fairer and equitable societies. This is among the reasons why there exists a long tradition in the analysis of fiscal policy in the UK. It was at the heart of the revenue neutral tax exercise of Ramsey (1927) and macroeconomic analysis of Keynes (1936) . Following these works was a path-breaking analysis on the optimal tax rule by Mirrlees (1971) . In practical terms, the Institute of Fiscal Studies published Meade (1978) on the burden of direct taxes and Mirrlees et al. (2010) on both direct and indirect taxes. Whereas the macro impacts of fiscal policy have been studied using various analytical frameworks (Holly and Weale, 2000 ; NIESR), the burden of direct and indirect taxes on households in terms of the Hicksian equivalent and compensating variations in the welfare taxes to households have been measured using a general equilibrium analysis (Bhattarai and Whalley, 1999) . Tax-benefit models have been used to measure the impacts of taxes and benefits on the labour supply (Brewer et al., 2009 ). The Green Budgets of the IFS have regularly reported on the impacts of taxes on economic growth, inequality, and welfare. The conclusions of the most of above studies are mainly derived from comparative static analysis. This paper applies a dynamic stochastic general equilibrium model (DSGE) for an extensive analysis of the dynamics implied by fiscal policy instruments and multiplier effects, both on the revenue and spending side of the UK's government.
The UK economy has been growing secularly in the past several centuries but is frequently disturbed by transitional shocks arising either from the demand or supply side, or from both sides of the economy. The dynamic stochastic general equilibrium models aim to assess the impacts of such shocks on the transitional dynamics of the economy. Despite a fairly large body of the literature on DSGE models, few studies analyse the impacts of such shocks in the UK. Doing so are among others Batini et al. (2003) Harrison and Oomen (2010) , and Millard (2011) . 1 The analysis of fiscal policy is however ignored by the above papers. 2 We fill this gap through an extensive analysis of business cycle effects of fiscal policy in the UK.
The fiscal stimulus, a growing debt-to-GDP ratio and the budget deficit have brought much attention in the recent years. Some of the developments in the analysis of fiscal policy by means of the DSGE models include: Coenen and Straub (2005) and Eggertson (2011) study the effects of fiscal stimulus at the zero lower bound. The fiscal policy setup in this paper follows that in Leeper et al. (2010b) . The models used for the analysis differ however substantially. In contrast to Leeper et al. (2010b) we incorporate the interaction between the fiscal and monetary policies. We also make the distinction between productive and non-productive government spending, introduce into the model non-Ricardian households and nominal frictions in prices and wages. Finally, the model also clearly differs from the long-run growth analysis contained in multihousehold and multi-sector dynamic general equilibrium models with perfect foresight as presented in Bhattarai (2007) and staggered-price dynamic general equilibrium model with overlapping generations in Ascari and Rankin (2013) .
This study aims to address several questions in the context of UK economy: (1) what are the qualitative and quantitative effects of distortionary taxation (on consumption and on labour and capital income) and government expenditure (consumption, investment and transfers) on the key macroeconomic variables? (2) how in the historical context has fiscal policy been used in controlling for debt and the output gap? (3) which nominal and real frictions present in the economy are crucial for determining the fiscal policy effectiveness? (4) what is the role of the open-economy setup and the imposition of the zero lower bound on the nominal interest rate for the fiscal policy effectiveness?
To answer the above questions, we use a new-Keynesian DSGE model estimated with Bayesian methods on a linearly detrended quarterly macro time series ranging from 1987:Q2 to 2011:Q1.
The results indicate that government consumption and investment shocks are the most stimulating in the short-run (the impact multiplier totals 0.97 and 1.08 respectively, thus on impact a 1% increase in public consumption leads to a 0.97% increase in GDP and a 1% increase in public investment leads to a 1.08% increase in GDP). In the longer horizon the capital income tax and the public investment shock result in the highest multipliers (the present value cumulative 5 year multiplier totals -0.52 and 0.72 respectively). The government consumption impact multiplier obtained in this study is higher than the average impact multiplier of 0.89 obtained in the empirical study of fiscal policy in the UK conducted by Canova and Pappa (2011) . The government transfers shock results in a relatively lower multiplier when compared to the remaining fiscal policy instruments. The consumption and labour income tax shocks result in moderate multipliers in the short and longer horizon ranging from (-0.17) to (-0.56) . Additionally, we find public and private consumption to be Edgeworth substitutes. Also under the open-economy scenario public consumption and investment remain the most stimulating instruments in the short-term, public investment and capital income taxes in the longer term and transfers yield the smallest multipliers when compared with other fiscal policy instruments. When the nominal interest rate is at the zero lower bound the effectiveness of consumption taxes and public expenditure instruments increases, but decreases that of capital and labour income taxes.
We also show that non-Ricardian households make the fiscal policy more effective, and that nominal rigidities improve effectiveness of public spending and consumption taxes, whereas decrease effectiveness of income taxes.
Finally, the parameter estimates indicate that public investment, consumption and capital taxes play a decisive role in controlling for the government debt over the sample period. Additionally, capital income tax rates and government investment characterise significant procyclical responses to GDP. In contrast, the response of labour income taxes to aggregate output and debt is relatively modest.
This paper is organised as follows. The next section presents a theoretical model of the UK economy. Section three outlines the necessary information on the solution and estimation methods along with the discussion of calibrated parameters, priors, posterior estimates, and the role of frictions. In section four, we discuss the impulse-responses and present value multipliers implied by the fiscal policy shocks. In section five we extend model to other scenarios including the public consumption in the utility function, opening the economy for international trade and setting the zero lower bound on the nominal interest rate as appropriate to the recent experience of the monetary policies. Section six concludes.
Specification of a DSGE model for fiscal policy analysis
The model economy is populated by a continuum of households indexed by ι, where, following Campbell and Mankiw (1989) and Mankiw (2000) , a share ϑ of them comprise non-Ricardian or rule-of-thumb consumers (indexed by m) who do not have access to the financial and capital markets and simply consume their total disposable income stemming from labour and transfers. The remaining proportion (1 − ϑ) comprise Ricardian consumers (indexed by n), who anticipate and internalise the government's tax and borrowing behaviour and maximise their life-time utility subject to their intertemporal budget constraint. They own the entire capital stock of the economy and possess access to the financial and capital asset markets. Firms produce differentiated goods, choose labour and capital inputs and set prices similarly to the method proposed by Calvo (1983) .
The monetary authority sets the nominal interest rate according to a Taylor rule, whereas the fiscal authority determines a set of policy instruments' rules in which they respond to cyclical changes in output and debt. This model features a number of real and nominal frictions as found in Smets and Wouters (2003) and Christiano et al. (2005) .
Preferences of Ricardian households
The utility function of each Ricardian household is represented by:
where the subjective discount factor β satisfies 0 < β < 1; σ l 0 denotes the inverse Frisch elasticity of labour L n r,t ; σ c > 0 denotes the inverse of the intertemporal elasticity of substitution in consumption C n r,t ; and H r,t denotes the external habit variable such that H r,t = hC r,t−1 , where 0 < h < 1. ε B t represents the preference shock and ε L t represents the shock to the labour supply. The shocks follow:
where η B and η L are i.i.d. processes with standard deviations σ B , and σ L . Each Ricardian household maximises its lifetime utility subject to the flow budget constraint, which simply states that the household's total expenditure on consumption C n r,t , investment in physical capital I n r,t and accumulation of one-period government bonds b n r,t must equal the household's total disposable income inc n r,t .
where π t denotes the gross inflation rate. The presence of consumption tax τ c t implies that the wedge arises between the consumer and producer prices. We follow the developments of Woodford (1996) , and subsequently Erceg et al. (2000) and Christiano et al. (2005) and assume complete markets for the state contingent claims in consumption and in assets but not in labour. Consequently, consumption and asset's holdings are equal across all Ricardian households.
The total real disposable income of each Ricardian household consists of: (1) the after tax labour income 1 − τ l t w n r,t L n r,t , where w n r,t represents the real wage rate, and τ l t is the effective labour income tax rate; (2) the after tax capital income 1 − τ k t r k,t u n t K n r,t−1 , where r k,t denotes the real rate of return on capital, K n r,t−1 denotes the physical stock of capital, and u n t is the capital utilisation rate, and τ k t is the effective capital income tax rate; 3 (3) the income from profits P rof n r,t ; (4) lump-sum government transfers (T R n r ), (5) the interest income from the bond holdings
, where R t−1 denotes the nominal interest rate on a one-period bond.
Physical capital accumulates in accordance with the following 4 :
3 Each household while setting the level of capital utilisation rate incurs a cost equal to
= κ. Consequently, only the dynamics of the model depend on the parameter κ. In the steady state u = 1. 4 The omission of the subscript n reflects our assumption of complete markets for the state contingent claims in assets which implies that asset's holdings are the same among households.
where as in Schmitt-Grohe and Uribe (2006): F t (I r,t , I r,t−1 ) = 1 − S ε I t Ir,t I r,t−1 I r,t . 5 Ricardian households maximise their utility subject to the flow budget constraint, the capital accumulation function, and the demand for labour they face from the labour unions.
First-order conditions of Ricardian households
The combination of first-order conditions with respect to consumption and bonds results in a standard Euler equation:
where U r,c denotes the marginal utility of consumption: U r,c,t = ε B t (C r,t − H r,t ) −σc . The left-hand side of equation (4) represents the marginal utility cost of investing in bonds (to invest household sacrifices current consumption). The right-hand side implies that investing in bonds provides an ex ante real rate of return represented by
. The first-order condition with respect to the capital utilisation rate, presented in equation (5), indicates that the real rental rate net of capital taxes is equal to the marginal cost of capital utilisation:
A higher rate of return on capital or a lower capital tax rate implies a higher utilisation rate up to the point where extra benefits are equal to extra costs. Equation (5) implies also that the utilisation rate is equal across all the Ricardian households (u n = u).
The first-order condition with respect to capital links the shadow price of capital (Q) between two periods:
Equation (6) implies that price of capital is simply a present value of future net income from capital holdings. The price of capital depends positively on the expected price of capital, real rental rate and the utilisation rate. It depends negatively on the real ex ante interest rate, expected capital taxes and the capital utilisation cost. The first-order condition with respect to investment is presented in equation (7). The left-hand side of the equation represents the marginal utility cost of investment in physical capital, which is equal to the marginal utility cost of investment in bonds. 6 An
2 denotes a function specifying the investment adjustment cost. The function possesses the following properties: S (1) = S (1) = 0, and S (1) = φ k > 0, where ε I t is an investment efficiency shock which follow: ln ε I t = ρI ln ε I t−1 + η I where η I is an i.i.d. process with standard deviation σI .
6 λt is a Lagrange multiplier on the budget constraint and is equal to: λt = .
increase in investment by one unit at time t leads to an increase in the value of capital by Q t F t (I r,t , I r,t−1 ) in period t, and by Q t+1 βF t+1 (I r,t+1 , I r,t ) in period t + 1. 7 λ t = Q t λ t F t (I r,t , I r,t−1 ) + βE t Q t+1 λ t+1 βF t+1 (I r,t+1 , I r,t )
2.1.1 Non-Ricardian households
Non-Ricardian households do not save; they simply consume current, after tax income, which comprises transfers from the government, and after tax labour income.
(
Wage setup
In creating the wage setup, we follow Erceg et al. (2000) and Benigno and Woodford (2006) . We assume the existence of a competitive labour aggregator, whose only task is to transform households' differentiated labour into a composite labour good. The composite labour is subsequently supplied to monopolistic producers. The aggregator takes every household's wage, W ι t , as given and maximises profit represented by:
where L ι t denotes the amount of labour supplied by a household ι to the union, W t is the aggregate wage index, and N t denotes the labour index:
where ν > 0 denotes the elasticity of substitution among the differentiated labour inputs. Profit maximisation results in the demand for the labour of a household ι:
The aggregate wage index is given by:
Ricardian households set nominal wages similarly to a staggered-price mechanism in Calvo (1983) . In particular, within each period a fraction of forward-looking households ( w ) are unable to adjust their wage rate. These households simply follow the partial indexation rule and set the wage in accordance to: W ι r,t = π γw t−1 W ι r,t−1 . The remaining fraction of households (1 − w ) that are able to set their nominal wages, maximise their utility subject to the budget constraint and the demand for labour from the labour unions. 8 The maximisation results in equation (11) .
where X tl = π t * π t+1 * ... * π t+l−1 for l 1 and X tl = 1 for l = 0 as in Altig et al. (2005) .W r,t denotes the wage rate set by households that can re-optimise their wages at time t. As shown in Christiano et al. (2005) and Erceg et al. (2000) all households that can re-optimise their wage choose the same wage rateW r,t , therefore lack of indexation n 9 . The first-order condition implies that Ricardian households set their wages so that the present value of the marginal utility of income from an additional unit of labour is equal to the markup over the present value of the marginal disutility of working. When all households are able to negotiate their wage contracts each period, wage becomes:W
. Finally, the Ricardian households wage index can be transformed into the following:
For simplicity, we follow Erceg et al. (2006) and assume that each non-Ricardian household sets its wage equal to the average wage of optimising households, therefore (W t = W r,t = W nr,t ). Because all households face the same labour demand, the labour supply of a non-optimizing household is equal to that of forward-looking household (L t = L r,t = L nr,t ).
Firms

Composite consumption good producer
The competitive producer of the composite good (Y t ) purchases differentiated goods (Y j,t ) from monopolistic producers indexed by j and combines them into one single good using the following technology:
, where s > 0 denotes the elasticity of substitution among the differentiated outputs of intermediate firms. Producer maximises profit as follows:
where P t denotes price of a unit of output and P j,t denotes a price of intermediate output J. the first-order condition results in a demand function for intermediate goods:
9 The omission of the subscript n in the utility of consumption Uc reflects our assumption of complete markets for the state contingent claims in consumption which implies that consumption, and therefore utility of consumption are the same among all Ricardian households
The zero profit condition implies that the price index is represented by the following
Intermediate good production sector
Each monopolistic intermediate producer uses the following production function:
where f c denotes a fixed cost of production, K g denotes public capital,K j,t−1 denotes capital services K t = u t K t , and ε A t is a total factor productivity shock which follows:
where η A is an i.i.d. process with standard deviation σ A 10 . Firms rent capital services K j,t−1 and labour (N j,t ), for which they pay respectively a nominal rental rate (R k,t ) and a wage rate (W t ). Monopolistic companies minimize costs subject to the technology available. From the combination of first-order conditions, we obtain the wage rental ratio (equation 16) , which implies that the capital to labour ratio across all of the monopolistic producers remains the same.
The nominal marginal cost is represented by the following:
The marginal cost, the same across all the intermediate producers, increases as the wage rate and the rate of return on capital increase. A positive total factor productivity shock along with an increase in public capital leads to a decrease in the marginal costs.
Price setting
The profit of an intermediate firm j is given by the following equation: 11
Intermediate good producers set prices similarly to the mechanism presented in Calvo (1983) . In particular, during every period, a share of these firms ( p ) is not able to reoptimise their price. These firms simply follow the partial indexation rule: P j,t = π γp t−1 P j,t−1 . The remaining fraction of companies (1 − p ) choose P t to maximise the profits subject to the demand (equation 14) . Maximisation results in equation (19) for newly optimised prices: 11 Equation (18) implies that for profits to be equal zero in the steady-state: f c =
whereP t denotes the price set by firms that can re-optimise their price at time t. In the case that all firms are allowed to reoptimise their prices, the above condition reduces to: P t = s s−1 P t mc t , which indicates that the optimised price is equal to a markup over the marginal costs. In addition, (β ) l λ t+l denotes a discount factor of future profits for firms. Here, λ t denotes the Lagrange multiplier on the Ricardian household's budget constraint and is treated by firms as exogenous. The price index
can be rewritten as:
Fiscal and monetary policies
Equation (21) provides the government budget constraint, which requires the total expenditure of government on consumption (G), investment (IG), transfers, and the repayment of last-period debt with interests, to be equal to the revenue from taxes and new bond issuance.
The public capital accumulation equation is represented by:
where δ k,g denotes depreciation rate of public capital. Fiscal policy instruments rules are set similarly to those used by Leeper et al. (2010b) . First, expenditure instruments respond countercyclically to GDP deviations from the steady-state, whereas taxes respond to them procyclically. As a consequence fiscal instruments play a role of automatic stabilizers. Second, fiscal instruments keep real debt dynamics under control in order not to allow for high debt to GDP ratios. 12 Six fiscal instruments are linked to the debt level and GDP as follows: 13x
where ε X and ε Z denote respectively fiscal shocks which follow:
where η X and η Z are i.i.d. processes with standard deviations σ X and σ Z , X ∈ {G, IG, T R}, and Z ∈ {τ c , τ k , τ l }. 14 Finally, we follow the approach set in the monetary policy literature, and assume that the shocks in the above fiscal policy rules constitute an unexpected changes in policy which is an analogous approach to errors in the case of Taylor Nominal interest rate follows a Taylor type rule that links it to its own lag term, inflation and output gap as measured by coefficients ρ, ρ π , and ρ y :
where η M t denotes an i.i.d. normal error term on the interest rate rule.
Aggregation and market clearing
The aggregate quantity, expressed in per-capita terms, of any household quantity variable
, as all members of each household type choose identical allocations in equilibrium. Subsequently:
where L t = L r,t = L nr,t as explained in Subsection 2.2, and T R t = T R nr,t = T R r,t by definition. Because only Ricardian households accumulate financial and physical assets, and are the only recipients of profits in the model economy, we obtain the following conditions for the per-capita investment, physical capital, public bonds and profits:
The labour market is in equilibrium when the total labour demanded by the intermediate firms equals total labour supplied by households at a wage rate (W t ). The capital rental market is in equilibrium when capital supplied by Ricardian households is equal to the capital demanded by intermediate producers at a market rental rate (R k,t ). The final goods market is in equilibrium when the aggregate supply equals the aggregate public and private demand for consumption and investment goods.
Log-linearized equations describing the equilibrium of the model are presented in the on-line Appendix.
Bayesian Estimation
We use perturbation techniques to solve the models and Bayesian methods to estimate them 15 . Sims's csminwel function is used as the optimiser for the mode's computation. In order to determine whether multiple modes exist, we have conducted at least 20 searches for the mode using various starting values. With the exception of few cases where the numerical optimization procedure failed to converge, the searches for the posterior mode converged to the same parameter and likelihood values. In the second stage, using the random walk Metropolis-Hastings algorithm we construct the posterior distribution. We generate four Markov chains of length 500,000. The acceptance ratios yields approximately 0.25, which is in line with the range of ratios proposed in the literature (see for example Gelman et al., 1997).
In the benchmark estimation, we use twelve data series for the period from 1987:Q2 to 2011:Q1. The length of the sample period is determined by the availability of the tax data. The time series used in the estimation comprise per capita: private consumption, GDP, private investment, hours, wages, inflation, government consumption, government investment, transfers, and effective tax revenue from consumption, labour and capital (see the Appendix for more details on dataset).
Calibration
Most of the parameters related to the steady-state are calibrated and their values are presented in Table 1 . The discount factor (β) is set to 0.99 as in Harrison and Oomen (2010) , which implies a steady-state annual real interest rate of 4 per cent. We fix the depreciation rate of public capital (δ g ) at 0.015, which results in an annual depreciation rate of public capital of 6 per cent. This value together with the ratio of public investment to GDP (0.02) pins down the ratio of public capital stock to annual GDP at 0.32 to match the ONS data on the public capital stock and public investment. For the depreciation rate of private capital we follow Harrison and Oomen (2010) and choose δ = 0.025, which implies an annual depreciation rate of 10 per cent. The steady-state wage markup parameter ν ν−1 is set to 1.05 as in Christiano et al. (2005) . The share of capital in the production function (α) is calibrated to 0.30, which results in a steady-state share of labour income in total output of 70 per cent as in Harrison and Oomen (2010) . The calibration of α, together with the value of the capital tax rate τ k , and the private capital depreciation rate, fixes the share of private investment expenditure in GDP at 15 per cent as in the UK data for the period from 1987:Q2 to 2011:Q1. Also the ratio of private consumption to GDP (0.63) fits well the data for the sample period. The elasticity of output to public capital (σ g ) is set to 0.01 which is within the range of estimates in the literature (for more details see Sthler and Thomas (2012) and references therein).
We select the steady-state values of effective tax rates so that they match the corresponding rates implied by the data for the sample period. This implies 20 per cent for the VAT (consumption tax rate: τ c ), and 29 per cent for the labour and capital tax rates τ l , τ k . 16 A share of public consumption and public investment in GDP is calibrated respectively at 20 per cent and 2 per cent to match their empirical counterparts over the sample period. The endogenous public transfers to GDP ratio is pinned down at approximately 17 per cent.
Prior Distributions
Assumptions about priors are presented in Table 2 and 3. Priors are set in line with the existing studies. We use inverse gamma priors for standard deviations of shocks, with prior means set to 0.01, except for investment shocks where we set the prior means to 0.1. 17 16 The model share of taxes in the total tax revenue are 0.49, 0.21, 0.30 for labour, capital and consumption tax respectively. For the period from 1987:Q2 to 2011:Q1 data show these averages to be 0.46 (42, 52) , 0.25 (20, 27) , 0.30 (25, 32) -brackets show minimum and maximum values respectively. 17 We follow Harrison and Oomen (2010) and set the means of investment shocks at a higher level.
We select a beta distribution for shock persistence parameters with prior means set to 0.8 and standard deviations to 0.1. In line with Coenen et al. (2013) we select normal distribution priors for all fiscal policy response parameters. The parameters controlling the response of fiscal policy instruments to GDP have prior' means set to 0.5 and standard deviations to 0.5, whereas debt aversion parameters have prior means set to 0.2 and standard deviations to 0.1. We use a beta distribution for the share of non-Ricardian households with a prior mean of 0.3, close to the estimates of Ratto et al. (2009) and Coenen et al. (2013) . We choose the prior mean of the habit formation parameter to 0.7, similarly to the estimate of Harrison and Oomen (2010) for the UK. The prior mean of constant relative risk aversion is set to 0.66, as in Harrison and Oomen (2010) . For the prior mean of the inverse Frisch elasticity of labour, we choose a value of 1, as in Christiano et al. (2005) . Turning to the monetary policy rule, for the degree of interest rate smoothing parameter we select a beta distribution with a prior mean equal to 0.7, whereas for the Taylor rule coefficients on inflation and output we select a normal distribution and set prior means respectively to 1.5 and 0.125 as is standard in the literature. The prior means for the price and wage indexation parameters are set to 0.3, whereas the prior mean of the Calvo price and wage stickiness parameters is fixed at 0.5 with a standard deviation of 0.1. Finally, we select the normal distribution prior for the capital adjustment cost with the mean set to 4, as in Smets and Wouters (2003) , and choose a normal distribution prior for the utilisation parameter with a mean of 0.8 and a standard deviation of 0.2.
Posterior Estimates
The details of posterior estimates of the model presented in Section 2 are in columns 5 − 8 of Table 2 and 3. In this subsection we discuss posterior means. According to the results, agents exhibit a moderate degree of habit formation in consumption (b = 0.71) , which is similar to the value of 0.59 found in Millard (2011) and 0.69 in Harrison and Oomen (2010) . The inverse of the intertemporal elasticity of substitution coefficient is estimated at 0.95. The above estimates imply that the elasticity of Ricardian households' consumption with respect to the short-term ex ante real interest rate is equal to 0.31 and is close to the value of 0.47 obtained by Harrison and Oomen (2010) and somewhat lower than 0.66 found in Millard (2011) . 18 The investment adjustment cost parameter is estimated at 6.39, similar to 6.71, a value obtained for the euro area by Adolfson et al. (2008) . The parameter governs the transmission mechanism from the price of installed capital to investment. 19 The parameter can be interpreted as the inverse elasticity of investment with respect to an increase in the installed capital. 20 Its estimate implies that a 1 per cent increase in the 18 This result stems from the transformation of the consumption equation toĈr,t = bĈr,t−1 −
, where we have neglected the preference shock. 19 The presence of investment adjustment costs in this form improves the performance of the model by inducing hump-shape responses of the investment (for more discussion, please see Burnside et al., 2004 and Christiano et al., 2005) . 20 Disregarding shocks to the investment technology, the investment equation can be transformed tô The capital utilisation adjustment parameter (κ = 0.77) can be defined as the inverse elasticity of utilisation with respect to the rental rate of capital net of capital taxes. Our result is higher than the value of 0.46 obtained by Millard (2011) 21 The estimate of a price stickiness parameter (0.74) implies that prices change roughly every 3.85 quarters. The Frisch elasticity of labour supply is equal to 1.31, which is consistent with macroeconomic estimates, and implies that the labour supply is relatively elastic with respect to the changes in real wages. The estimate of the wage stickiness parameter (0.56) implies that wages adjust on average approximately every nine months, which is similar to the results found by Millard (2011) . Estimates of monetary policy parameters take the following values: persistence parameter, (0.74); response to inflation, (1.60); and the response to the output parameter, (0.12) and are in line with previous UK data estimates. The share of non-Ricardian households is estimated to be 0.37 which is consistent with estimates for EU and US (see for example Ratto et al., 2009 ). Turning to the fiscal policy parameters, the most persistent fiscal policy shocks are the government consumption shock with a half-life of 33 months, and the transfers shock with a half life of 20 months. Tax shocks feature lower persistence with a half-life oscillating at around (10) − (12) months. The least persistent is the public investment shock with a half-life of only 3 months. 22 The estimates of fiscal policy parameters are presented in Table 2 . The 90 per cent confidence intervals of some of them (response of transfers, consumption and labour taxes to debt and GDP, and the response of capital taxes to debt) include 0 which implies that these were not used systematically in the controlling for debt and GDP.
The parameter estimates imply that the government consumption, investment, and capital income tax played the most important role in controlling the government debt over the sample period, and that capital income tax rates and government investment play an important role in controlling for the GDP fluctuations. In contrast, labour income taxes do not respond strongly to the aggregate output. 21 It can be shown that for f c = where (s) denotes the elasticity of substitution. 22 The reason behind the low persistence of public, but also private investment, shock is the transfer of nuclear reactors from British Nuclear Fuels Ltd (government investment) to the Nuclear Decommissioning Authority (business investment) in April 2005. This transfer (approximately equal to two-and-a-half quarters expenditure on public investment) is a large one quarter shock which decreases the persistence of the both investment shocks. and set the prior decay parameter to 0.5, the tightness of the prior parameter to 3, the parameter determining the weight on own-persistence to 2, and the parameter determining the degree of co-persistence to 5. Table 4 
Comparison of Models
The role of frictions and other parameters
After confirming the good fit of the model we move to the analysis of frictions and their role in the transmission mechanism of fiscal policy. Table 5 presents the posterior mode' estimates of nine models in which we either change the fiscal policy setup, turn off the frictions (each one at a time), or change values of other parameters. Table 6 is a continuation of Table 5 and presents additionally the marginal likelihoods of the estimated models and the implied GDP multipliers. The columns of both tables present respectively results for the model: (1) of the benchmark economy, (2) in which fiscal policy rules respond only to debt, (3) without habit formation, (4) without non-Ricardian households, (5) without price stickiness, (6) without wage stickiness, (7) without variable capital utilisation, (8) without capital investment adjustment cost.
Closer look at the fiscal policy related parameters indicates that these do not show significant fluctuations with respect to the various specifications of the model (see Table 5 ). Namely, public consumption, investment and capital taxes always respond the strongest to the level of debt and government investment and capital tax to GDP. Also, the labour tax is characterised by the weakest response to debt and GDP fluctuations.
The marginal likelihoods' values point toward three interesting observations. First, the benchmark model is preferable than the models in which we exclude frictions. Second, the model in which fiscal policy do not control for the GDP fluctuations yields only slightly lower marginal likelihood (by 0.01) with respect to the benchmark model, suggesting that the data are not very instructive about the model choice in this case. Third, the share of non-Ricardian households, the characteristic of the model which plays in the literature an important role in explaining the response of private to public consumption shock, plays along with the variable capital utilisation the least important role out of the analysed frictions in the model. Also, the multipliers show that its implications are far more important for transfers and the consumption and labour taxes, than for government consumption.
The marginal likelihoods of the estimated models clearly indicate the frictions do play a role in the performance of the model; in particular nominal frictions and capital investment adjustment cost. It is important therefore to see what the role of these frictions in the transmission mechanism of fiscal policy is. We start by looking at the habit formation in consumption (h), which has two implications for the model. First, the weight on the past consumption increases, and second, the elasticity of consumption with respect to the real interest rate decreases. As a result, presence of habit implies that the response of Ricardian consumption takes a hump-shaped form. Therefore the level of consumption following the shock is smaller on impact when compared to the situation when habit is not present (for further discussion see Fuhrer, 2000 , Woodford, 2003 , and Christiano et al., 2005). Subsequently, higher levels of habit formation imply lower short-term multipliers of consumption in absolute terms. Therefore, in the case of a fiscal policy shock resulting in a positive (negative) response of consumption, as the value of the parameter increases, the short-term responses of consumption become smaller (higher), which results in a lower (higher) short-term GDP multiplier. In the presented model expansionary fiscal policy conducted with spending instruments leads to a decrease in consumption (see Figure 1) , therefore absence of habit leads to lower GDP multipliers (see Table 6 ), whereas expansionary fiscal policy conducted with tax cuts leads a to higher consumption (see Figure 2) , thus higher GDP multipliers (see Table 6 ).
The share of non-Ricardian households (ϑ) determines the behaviour of total consumption, which takes the form of Ricadian households' consumption for ϑ = 0, and that of non-Ricardian households for ϑ = 1. As the value of ϑ increases, and when fiscal policy shock results in the consumption response of rule-of-thumb households higher than that of forward-looking households, the total consumption multiplier and subsequently the GDP multiplier increases. In the presented model, the consumption' response of non-Ricardian households is greater in all the experiments, apart from the capital tax cut (see Figure 1 and 2) . As a result the model without non-Ricardian households yields lower responses of consumption and therefore lower multiplier in all the cases apart form the capital tax cut (see Table 6 ).
The price stickiness parameter ( p ) governs the size of the elasticity of inflation with respect to marginal costs. As Dixon and Rankin (1994) indicate, price stickiness makes any policy that influences aggregate demand effective. When the price stickiness parameter is increased, the transmission mechanism from marginal costs to inflation is abated (the elasticity of inflation with respect to the marginal costs decreases). Consequently, for fiscal policy shocks resulting in the marginal cost increase, as the parameter's value increases, an increase in inflation becomes smaller. This implies a lower response of the nominal interest rate and, subsequently a less contractionary effect on the economy. Hence, for fiscal policy shocks which induce an increase in marginal costs, higher levels of price stickiness result in a higher GDP multiplier (as the transmission mechanism to inflation is abated). However, in the case of the shocks which result in a decrease in marginal costs, higher levels of price stickiness result in lower GDP multipliers. In the presented model marginal cost increases in all the cases apart form the income taxes. Therefore for these instruments the low level of nominal stickiness (0.01) implies stronger responses of nominal interest rates which puts downward pressure on the expenditure of Ricardian households and results in lower GDP multipliers. On the other hand, for income tax cut low level of nominal stickiness results in stronger decrease of nominal interest rate and therefore higher GDP multipliers. The wage stickiness parameter ( w ) governs the size of the elasticity of the real wage rate with respect to the wage markup (the difference between the real wage and the wage that would prevail under the flexible wage setup). A higher parameter indicates lower elasticity; therefore, wage becomes less dependent on the markup. Changes in the wage are passed on primarily through two channels: the labour income (mainly implies changes in the consumption of the rule-of-thumb customers) and through the inflation channel (mainly implies changes in the interest rate sensitive consumption and the investment of optimising households). The effect on GDP multiplier depends on which channel prevails. The capital utilisation adjustment parameter (κ) determines the elasticity of utilisation with respect to the rental rate of capital net of capital taxes. As κ → ∞ the model is characterised by the full capital utilisation, whereas when κ → 0 capital utilisation becomes more responsive to changes in rental rate. Presence of capital utilisation in the model dampens the fluctuations in marginal costs as fluctuations in rental rate of capital are smaller i.e. the lower the parameter the lower the deviation of marginal cost in absolute terms and subsequently inflation and real rate, also in absolute terms. Therefore in the presented model, if we set κ to a high level then rental rate and subsequently real rate become more responsive to fiscal policy shocks, but capital utilisation does not change. Because it takes long time for capital to accumulate, the multipliers decrease. This is visible in particular in the case of capital tax rate cut, where this channel plays an important role.
The investment adjustment cost parameter (φ) governs the size of the elasticity of investment with respect to the Tobin's Q. The higher the parameter, the lower the elasticity, therefore investment becomes less dependent on the price of capital. Consequently, lower values of the parameter increase the response of investment, leading subsequently to higher multipliers. In the presented model only capital tax cut results in the positive response of price of capital. Therefore absence of this friction in this case results in a much stronger response of investment, and therefore higher GDP multiplier (see Table  6 ). On the other hand, in the remaining cases Tobin's Q decreases, therefore absence of the friction results in lower response of investment and therefore lower GDP multipliers.
Impulse-response functions and fiscal multipliers
This section discusses impulse-response functions and present value multipliers of the fiscal policy shocks in the closed-economy setup. To enable comparability across the figures, for the impulse of public spending, investment, and transfers, we use shock equal to a 1 per cent of the steady-state value of GDP. In the case of tax rates we calibrate a standard deviation of shock such that the initial change in the particular tax revenue is equal to a 1 per cent of the steady-state value of GDP.
On each graph presenting impulse-responses, the horizontal axis denotes time in quarters, and the vertical axis denotes the percentage deviation from the steady-state. For each shock, we also provide cumulative present value multipliers of GDP, private consumption and private investment for the short-term (first quarter and four quarters) and the longer term (twelve and twenty quarters). Multipliers are calculated as in Mountford and Uhlig (2009) with the following formula:
t+i ∆X t+j (34) where X t = G, IG, T R, τ c inc , τ k inc τ l inc .
Government spending
The dynamics implied by public consumption, investment and transfers shock are presented in Figure 1 . The model predicts that the government consumption shock results in a persistent increase in the government's demand for goods and services. The increased demand for goods and services leads subsequently to a higher capital utilisation and an increase in a demand for labour, which put upward pressure on the capital rental rate and the wage rate. 24 The subsequent increase in the marginal cost translates into a higher inflation. Both, higher inflation and an increase in output imply that the monetary authority increases the nominal interest rate. Consumption of non-Ricardian households increases due to an increase in the labour income. Forward-looking households cut on the interest rate sensitive consumption and investment. Total consumption decreases as Ricardian households are in majority. An increase in government spending leads to an increase in the government's deficit, debt, and is subsequently followed by the fiscal policy reversal.
Our results can be compared with the empirical study of fiscal policy in the UK conducted by Perotti (2005) , who estimates the impulse-responses of private investment to be significantly negative, which is in line with the results implied by our model. 25 He obtains a positive and significant response of the ex ante real interest rate, which is in line with this study and a negative response of inflation, which is not the case here. Perotti (2005) estimates the cumulative response of consumption to be negative in the fourth quarter but positive in the twelfth quarter. In both cases, the responses are not statistically significant. 26 24 Consumption of Ricardian households decreases strongly in response to public consumption shock, what makes these households more willing to supply labour. This effect prevails over the higher labour demand, therefore the wage rate decreases. 25 Perotti (2005) uses the Structural Vector Autoregression (SVAR) approach to estimate, among others, the effect of a government spending shock on key macroeconomic variables in the US, the UK and the euro area. He divides his sample into two parts, one from 1963:1 to 1979:4 and the second from 1980:1 to 2001:2, and reports cumulative responses in the fourth and twelfth quarters. We compare our results with the results based on the sample from 1980:1 to 2001:2, as this period is closer to our sample. 26 The response of consumption to the government spending shock is discussed widely in the literature. The blue line (-) relates to public investment, the black line (--) relates to public consumption, and the red line (.) to public transfers.
Columns 2 − 4 of Table 7 provide present value multipliers of output, consumption and investment for the closed-economy model. The magnitudes of the government spending multipliers differ significantly in the literature. Ramey (2011) conducts a literature review on the impact of government spending on GDP in the USA and concludes that the estimates of deficit-financed government spending multiplier lie somewhere between 0.8 and 1.5. In the context of the UK, our benchmark economy setup implies the impact government spending multiplier of 0.97. This result is slightly higher than the average impact multiplier obtained in an empirical study on fiscal policy in the UK conducted by Canova and Pappa (2011), (0.89). When longer horizon is considered, the multiplier becomes smaller. Present value multiplier of consumption and investment remains negative over the longer horizon. This finding is consistent with Ramey (2012) , who reports that government consumption crowds out total private expenditure on consumption and investment.
The main difference between the effects of the public investment and public consumption shock is that the former, apart from an increase in the aggregate demand leads also to a rise in the public capital, which subsequently results in an increase in the supply of monopolistic producers and puts downward pressure on prices. 27 The impact increase in the capital utilisation rate and the demand for labour is stronger than in the case of the government consumption shock. The rental rate of capital increases on impact, and the wage rate is above the steady-state following the positive public investment shock (the increase in the wage rate is related to an increase in Ricardian households' consumption, which causes that these households are less willing to supply labour, driving therefore, the wage rate up).
The marginal cost initially increases stronger than in the case of a public consumption shock. The increase in the ex ante real interest rate is also larger only at the outset. Afterwards, as public capital accumulates, marginal cost, inflation and the nominal interest rate are below the levels implied by the government consumption shock.
The interest rate sensitive private investment is initially crowded out but is above the steady-state level in around four years. Traum and Yang (2015) and Baxter and King (1993) obtain a positive response of investment in the USA. Such a result is possible to obtain in our model with higher values of the elasticity of output to the public capital.
Similarly to Ratto et al. (2009) we obtain a positive response of total consumption to a public investment shock. 28 The main reason behind this is that the response of Ricardian households' consumption is positive in less than eight quarters and that the initial crowding out effect is relatively small. Moreover, the consumption of rule-ofthumb households increases strongly on impact. An increase in the elasticity of output to public capital, or the share of non-Ricardian households results in an even stronger response of total consumption.
The values of government investment multipliers are clearly higher than that implied by government consumption. The effects on GDP and private investment are the highest out of all three public spending instruments.
The direct implication of a transfer shock is an increase in consumption of nonRicardian households (Ricardian households smooth consumption). Subsequent increase in demand leads to a short-lived increase in the capital utilisation and the labour demand. The capital rental rate increases, whereas the wage rate decreases. In the context of Ricardian households' expenditure, the increase in the real interest rate implies that they cut on consumption and investment.
The GDP multiplier is less favourable when compared with multipliers implied by the remaining government spending instruments. The reason is that transfers have positive 27 The presence of public capital in the production function implies that from a perspective of a firm an increase in public investment is analogous to an increase in total factor productivity. 28 Ratto et al. influence just on the consumption of non-Ricardian households who comprise only a fraction of households. The increase of the share of non-Ricardian households leads to higher multipliers implied by the shock to transfers. It needs to be noted though that the multiplier is similar to that in McKay and Reis (2016). 29 Given the results presented in Table 7 the spending side effects are much stronger than that reported in Jha et al.
(2014) for developing economies.
Government Revenue
The dynamics implied by consumption tax, labour and capital tax shock are presented in Figure 2 . 30 A decrease in the consumption tax rate results in a fall in consumer prices lasting approximately 7 months. Consequently, the consumption of both optimising and non-optimising households increases. Higher demand for goods, implied by the consumption tax cut, results in an increase of the demand for labour and a higher capital utilisation. A decrease in the consumption tax leads to an increase in output. Government debt increases; therefore, the total government's expenditure on transfers, public consumption and investment decreases. A decrease in the consumption tax leads to a long-lasting fall in private investment. Table 7 includes present value multipliers for consumption tax shocks. In the short-term, a consumption tax cut induces relatively high multipliers for consumption and GDP. 31 Whereas the cumulative consumption multiplier increases over time, the GDP multiplier drops in the longer horizon.
The instant effect of a decrease in the capital income tax rate is the reallocation of production inputs from labour to capital, which results in a higher capital utilisation and a lower labour demand. The lower demand for labour puts downward pressure on the wage, which is more than offset by the increase of consumption of Ricardian households. The marginal cost decreases as a result of the fall in the rental rate of capital. This is followed by a decrease in inflation and the nominal interest rate. Consumption of non-optimising households decreases due to a drop in labour income, whereas the interest-rate-sensitive investment and consumption of Ricardian households increases. A decrease in the capital income tax rate is also characterised by a substantial increase in a capital utilisation cost. Table 7 presents multipliers of the capital income tax, which can be compared to the results of Leeper et al. (2010a) and Leeper et al. (2010b) . GDP multiplies remain high irrespective of the period of consideration.
The instant effect of a decrease in the labour tax is the reallocation of production 29 McKay and Reis (2016) look at the effects of fiscal stabilisers on the dynamics of the business cycle. Their model differs from a standard new-Keynesian DSGE model as it is a merge of a new-Keynesian model with the standard incomplete-markets model of consumption and inequality. 30 The results can be compared to Cloyne (2013) who estimates the average effects of exogenous tax changes on the UK economy. For the period from 1979Q2 to 2008Q1 (the closest to the period that we use in our estimation) Cloyne (2013) obtains impact multiplier of 0.47, with the peak multiplier of 2.47. Whereas the impact multiplier is in line with our estimates, the peak multipliers estimated (not reported here, as we report cumulative multipliers) in this study are lower in magnitude. 31 Note that in contrast to public spending multipliers where plus is a desired sign of a multiplier (increase in spending leads to an increase in GDP), in the case of taxes minus is the desired sign (an increase in a tax leads to fall in GDP).
Figure 2: Impulse-responses for tax shocks
The blue line (-) relates to labour income tax cut, the black line (--) relates to consumption tax cut, and the red line (.) to capital income tax cut.
inputs from capital to labour, leading to an increase in a labour demand. The labour tax cut has a positive impact on GDP and households' disposable income. The consumption of both types of households increases. The increase among the non-optimising households is stronger, as labour income is the main determinant of their consumption. Inflation falls as a result of a lower marginal cost. The model predicts that as a result of a decrease in the labour tax, private investment increases. A decrease in the labour tax results in a lower expenditure of government on consumption, transfers and investment. The GDP multiplier is lower than in the case of the capital tax. The multiplier would yield higher values for higher levels of non-Ricardian households (stronger effect on consumption) and lower nominal rigidities (stronger downward pressure on the nominal interest rate). Also, more volatility due the changes in capital income tax than in the labour income tax is due to more impacts of capital income taxes on investment and the accumulation of physical capital. 32 
Extensions
Public consumption in utility
It is not a surprising result that public consumption yields lower multipliers than public investment due to the supply side effects that public investment generates. The benchmark assumption that households do not receive utility from public goods may be perceived as unrealistic. Therefore we relax it by assuming that government consumption is no longer treated as a wasteful spending by households, but enters in their non-separable utility function, which now becomes:
µ−1 µ µ µ−1 (36) where X t denotes effective consumption, H = hC t−1 and H g = h g G t−1 . This specification is similar to that of Bouakez and Rebei (2007) and Leeper et al. (2010a) . The implementation of public consumption into the utility as in equation (35) results in changes in two equations; first is the consumption equation of Ricardian households (37) , and the second is the equation determining the wage markup (38)
(38) 32 We have also conducted experiments in which we apply expansionary fiscal policy in an economy where each steady-state tax rate is increased at a time by 10%. The results are not very sensitive to such changes. This leads to a slightly higher tax multipliers (in absolute terms) in the analysed period. For consumption taxes the Q4 multiplier is -0.56 and the Q20 multiplier is -0.34; for labour taxes the Q4 multiplier is -0.32 and the Q20 multiplier is -0.25; for capital taxes the Q4 multiplier is -0.54 and the Q20 multiplier is -0.56.
where:
The elasticity of substitution between public and private consumption (µ) takes values from 0 to ∞. Equation (37) implies that as the elasticity of substitution increases (µ → ∞) the weight on the ex ante real interest rate in the consumption units increases, whereas the weight on the government consumption
decreases. Therefore, for higher levels of the elasticity the ex ante real interest rate remains a dominant force in determination of Ricardian households' consumption. When µ > 1 σc private and public spending are Edgeworth substitutes and increase in public consumption leads directly to a decrease in private expenditure of Ricardian households. Public and private consumption are Edgeworth complements when µ < 1 σc , and in that case increase in public consumption have positive impact on private consumption through the analysed channel. Similar effects can be noted in the case of the wage markup. When µ > 1 σc any increase in public spending has a negative effect on the wage. On the other hand, small values of µ imply a positive effect of public consumption on the wage; therefore, an increase in the wage is associated with an increase in the consumption expenditure. Interestingly, strong complementarity of public and private consumption can imply an increase in the wage rate and consumption in response to a public consumption shock.
The second parameter determining the effects of public consumption expenditure on private is the share of public consumption in total consumption 0 < (1 − a) < 1. When a = 0 ⇒ f = 0 total consumption of Ricardian households is public and when a = 1 ⇒ f = 1 total consumption is private. Clearly the lower the level of a the higher the effects of public on private consumption, as
increases. Finally, positive effect of public on private consumption can be achieved by assuming high value of habit formation in government consumption (h g ) which results in a significant weight on public consumption variables in equation 37 and 38.
The results of estimation are presented in Table 2 and 3. 33 The habit formation parameter is estimated to 0.68, the elasticity of substitution to 1.08, and the share parameter to 0.76. Table 7 shows present value GDP multipliers for the estimated model with government consumption in utility. Multipliers do not differ much from the benchmark calibration implying that model with non-separable non-wasteful public consumption in utility does not introduce significant changes in contrast to results of Coenen et al. (2013) for the euro area. In fact, the estimates imply that the GDP multiplier for the public consumption shock is lower than in the case when public consumption does not enter utility because (1 − µσ c ) < 0. For the remaining instruments the effect is negligible and naturally improving multipliers.
Open economy scenario
We also estimate an open-economy model of UK to analyse the implications of fiscal policy with international trade. The small open-economy specification follows closely Adolfson et al. (2008) . We extend it by allowing for import of public consumption and investment, (see on-line appendix for more details on the model). The estimation results are presented in columns (13) − (16) of Table 2 and 3 respectively 3435 . The estimates of price stickiness parameters in the importing sector are lower than in the domestic sector as in Millard (2011) . These estimates imply that prices of imports and exports react to the changes in marginal costs roughly every 1.5 − 3 quarters. Low estimates of all the price indexation parameters, ranging from 0.08 to 0.13, indicate that the estimated Phillips curves are mostly forward-looking. The markups in the importing industries in the private sector are higher than those in the public sector, suggesting that the willingness to substitute among the imported goods in the private sector is relatively lower than for the case of the public sector. Now we turn to the discussion of multipliers in the open-economy ( Table 7) .
The GDP multipliers tend to be lower in the open-economy than in the closedeconomy as a fraction of the stimulus is diverted directly or indirectly to the rest of the world through the import channel. The only exception is for capital taxes. A decrease in capital taxes causes a drop in the inflation of domestically produced goods. It then lowers not only the real interest rate but also causes a depreciation of real exchange rate resulting in an increase in exports and GDP. The presence of this channel implies that for capital taxes the GDP multiplier is higher in open than in the closed-economy.
A decrease in labour taxes also lowers the prices of domestically produced goods but results in a lower GDP multiplier than in the closed-economy setup. There are two main reasons behind it. First, wages are sticky therefore a drop in labour taxes is not passed through so quickly to the marginal costs (and prices) as an equivalent drop in capital 34 For the open economy model we generate four Markov chains of length 750,000.The acceptance ratios are around 0.27. In the open-economy scenario we use additionally price of private consumption and investment, price of public consumption and investment, nominal exchange rate and volume of export. Data are detrended with their linear trends. 35 We select the prior distribution for the price stickiness, price indexation, and markup related parameters in the import and export markets analogously to the domestic producers. The priors on the remaining parameters are set as in Adolfson et al. (2008) . We set the elasticity of substitution between domestic and imported public investment to 1.5. Finally, we set the import-shares in aggregate public and private consumption and public and private investment to match the data from the input-output analytical tables for the UK. The shares of imports in consumption investment and public consumption equal 22 per cent, 32 per cent and 11 per cents respectively. The share of imports in public investment is set to 16 per cent.
taxes. Second, a decrease in capital taxes implies an increase in income of Ricardian households who smooth consumption. In contrast a decrease in labour taxes leads to an increase of income for both types of households, and non-Ricardian households spend it instantly on consumption goods and services which also puts upward pressure on prices. Therefore, the real exchange rate depreciation and an increase in export are smaller than in the case of capital taxes. This, combined with the fact that part of the stimulus is diverted indirectly through the import channel, implies that the GDP multiplier is lower than in the closed-economy specification. In the case of consumption taxes and public spending instruments the GDP multipliers are lower in the case of open-economy. The effect is stronger for public consumption and investment because a fraction of the stimulus is directly diverted from the economy. Also, the drop in the public investment multiplier is relatively greater as the share of stimulus diverted from the economy is higher for this fiscal instrument. Table 7 presents also the results for the situation in which we impose a zero lower bound on the nominal interest rate. 36 In general the results presented are consistent with McKay and Reis (2016) who show that the automatic stabilizers are more effective during a zero lower bound episode. 37 The zero lower bound on the nominal interest rate intensifies the stimulus in the case of public expenditure and consumption taxes. The reason is that all four instruments stimulate the economy through the demand side and therefore lead to a higher inflation. At the same time, the nominal interest rate remains constant which implies that the real interest rate drops with higher inflation which stimulates significantly the private expenditure. In the case of capital and labour income taxes inflation decreases. Therefore, holding the nominal interest rate at a constant level results in an increase of the real interest rate. This motivates Ricardian households to cut on the current expenditure and save. In the open-economy specification, the implications of the zero lower bound on the nominal interest rate are similar to that in closed-economy. An expansionary fiscal policy conducted with spending instruments and consumption taxes becomes more efficient, whereas that conducted with income taxes becomes less efficient.
Zero lower bound on nominal interest rate
Conclusions
This paper analyses the implications of fiscal policy in the UK economy in an estimated DSGE model over the period from 1987:Q2 to 2011:Q1. The parameter estimates indicate that public investment, consumption and capital income taxes play the most important role in controlling for the government debt over the sample period. Additionally, capital income taxes and government investment characterise significant procyclical response to GDP.
Our results show that independently whether we introduce public consumption into the utility of households or not, or whether we consider closed or open-economy setup, public consumption and public investment are the most effective fiscal instruments in the short-run, whereas capital income tax and the public investment are such instruments in the longer horizon. Public transfers yield relatively lower multipliers when compared with the remaining fiscal policy instruments. The implication of the these results is that cuts in government investment are the most harmful for the economy. A zero lower bound on the nominal interest rate changes the results considerably. It increases the effectiveness of consumption taxes and public expenditure instruments independently whether we consider closed or open economy. On the other hand, income taxes become the least effective instruments to stimulate the economy. The implication of this result is that when nominal interest rate is at the zero lower bound, cuts conducted with spending instruments or consumption taxes are the most harmful for the economy, whereas cuts conducted with income taxes are the least harmful for the economy.
Finally, we show that nominal and real frictions play an important role in the transmission channel of fiscal policy. In particular we observe that non-Ricardian households tend to make fiscal policy more effective. At the same time nominal rigidities (sticky prices and wages) increase the effectiveness of public spending and consumption taxes and decrease that of income taxes.
A Data description, prior and posterior distribution
In order to estimate the benchmark model, twelve data series are used: GDP, consumption, investment, wages, inflation, hours, government consumption, government investment, effective consumption, labour and capital tax rates, and transfers. The data are from the Bank of England (BoE) and Office for National Statistics (ONS) webpages, and cover period from 1987:Q2 to 2011:Q1. While some of the data series can be obtained directly from the ONS, other including effective tax rates, and transfers were calculated closely following Mendoza et al. (1994) , Jones (2002) , and Leeper et al. (2010) . To derive the effective tax rates on labour income, τ l , and capital income, τ k , firstly the average tax rate on income, τ i is calculated . The reason for it is that the ONS does not distinguish between labour and capital income taxes. The average income tax rate:
where IT denotes income taxes paid by households (HHLDs) and non-profit institutions serving households (NPISHs) OCT stands for other current taxes OS stands for gross operating surplus of the whole economy; The effective consumption tax rate:
where T T P stands for total taxes on products (GG) [NVCC]; C stands for final consumption expenditure of HHLDs & NPISHs. calculated with the model in which parameters were estimated with the data detrended with Hodrick-Prescott filter tend to be lower than in the case when linear detrending method is applied. In the majority of the cases the difference is less than 0.1 and never greater than 0.16, for cumulative multipliers at Q1, Q4, Q12, Q20.
